Flue gas desulfurization (FGD) gypsum may be a viable low-cost alternative bedding material for broiler production. In order to evaluate FGD gypsum's viability, a study was conducted to determine its influence on live performance (body weight, feed consumption, feed efficiency, and footpad dermatitis), litter characteristics (caking, moisture percentage, and surface temperature) and ammonia volatilization in 3 successive flocks. FGD gypsum was compared with pine shaving (PS), pine bark (PB), PS + FGD gypsum (second material was top dressed over first), PB + FGD gypsum, PS + PB, FGD gypsum + PS, and FGD gypsum + PB. Bedding had no significant influence on feed consumption (FC), feed efficiency (FE), and mortality (M). Body weight and adjusted feed efficiency (AFE) were significantly lower with FGD gypsum compared to that of PS for flock 1, with no differences being observed among the other bedding materials. No differences were noted in live performance for flocks 2 or 3. Incidences of footpad lesions were lower with FGD gypsum than the other bedding materials, but only for flock 1. Bedding treatment had no influence on litter surface temperature. Gravimetric moisture content of gypsum treatments was lower than that of non-gypsum treatments; however, visually, the FGD gypsum was more compacted and had a surface crust. Reductions in ammonia volatilization also were observed during the initial flock with FGD gypsum; however, its effectiveness had diminished by flock 2 and 3.
two-thirds, occurred in the southeastern United States [1] . There are also strong indications that the broiler industry will increase in this region within the coming years. Broilers are raised exclusively on dirt or clay floors with a bedding overlay. Traditionally, shavings from pine or other softwoods have been the bedding material of choice. However, bedding material acquisition and litter management have become important issues for producers in recent years. For instance, as the broiler industry has expanded, the market for wood byproducts also have expanded due to competition with the composite board industry, horticulture, and its use as an energy source [2] . As a result, acquiring wood shavings and sawdust for bedding has become a challenge that has resultantly increased costs. Other materials such as peanut hulls and rice hulls have been used for raising broilers with success. However, these materials are available only in certain geographical regions where broiler production occurs in close proximity to peanut and rice production.
A variety of alternative materials have been suggested as substitutes for bedding such as hardwood bark [3] , kenaf [4] , paper products [5] , wheat and rice straw [6] , sand [7] , chopped corn cobbs [8] , shredded and processed newspaper [9] , pelletized newspaper [10] , forage crops [11, 12] , coconut husk [13] , coir dust [14] , and refused tea [15] , with various degrees of success being observed. Since bedding can significantly affect health, carcass quality, bird performance, and the welfare of broilers, the quality of material used is of great concern. Bedding effectiveness is influenced by factors such as particle size, moisture content and buildup, caking rate, and other physical characteristics [3, 16] . In addition, ammonia is an intrinsic characteristic of manure and the type of bedding can influence NH 3 adsorption and release depending on its water adsorption capacity, moisture release rate, and chemical or biochemical processes [17] . Most of the postproduction bedding is used or sold as litter for land application for forage and crop production, and to a lesser extent as a potting material for greenhouse plants and plant container industries. Consequently, when choosing bedding, consideration must be given for how to optimize its use when it is removed, while at the same time minimizing potential environmental impacts. Thus, suitable alternative bedding materials that are affordable and minimize NH 3 emissions inside broiler houses, while reducing the environmental footprint of its post-bedding use could improve the sustainability of the poultry industry.
Flue gas desulfurization (FGD) gypsum could be an alternative replacement to wood products presently being used as bedding. FGD gypsum is a residual from the limestone-based scrubbing process at fossil fuel power plants used to remove sulfur dioxide. The FGD gypsum byproduct is primarily calcium sulfate (CaSO 4 ·2H 2 O), with a similar appearance and consistency as agricultural lime. Presently, large quantities of FGD gypsum are produced, which is primarily being used by the wallboard and cement industries, with a small amount being used for agricultural production. However, current markets are not able to utilize all of the FGD gypsum produced. As a result, utilities are searching for economically viable alternatives to onsite storage and landfilling [18] . This surplus gypsum could be a low-cost alternative to wood shavings. It is also believed that gypsum can reduce NH 3 release from manure. For instance, Koenig et al. [19] reported that ammonia evolution was significantly reduced when 4 and 12% gypsum were added to poultry manure and wood chips during composting. Sheng et al. [20] observed a 21% reduction in ammonia under laboratory conditions when FGD gypsum was added at a rate of 10 and 20% to poultry litter collected from a broiler production facility. Research also has shown that adding FGD gypsum to poultry litter during land application can reduce soluble P and total P losses in surface water runoff [21] [22] [23] . Thus, if FGD gypsum can be used as a low-cost alternative bedding material, this may benefit both the broiler industry and agricultural producers using the post-production litter. However, using gypsum as a bedding material is viable only if reliable bird production can be maintained compared to current bedding practices. Therefore, the objective of this study was to determine the effectiveness of using FGD gypsum as a bedding material for broiler production and its influence on ammonia volatilization.
MATERIALS AND METHODS

Husbandry
Three consecutive trials (flocks) were conducted at Auburn University's Poultry Science Research Unit under the approval and guidelines of the University's Animal Care and Use Committee. A total of 1,280 one-day-old straight run broiler chickens (Ross x Ross) were obtained from a commercial hatchery for each flock, weighed, randomly allotted to 8 treatment groups, and placed in 8 replicate pens per treatment located within the same facility. Each pen (1.21 × 1.83 m) contained 20 birds, achieving a stocking density of 9 birds/m 2 . Pens were equipped with nipple drinker lines and hanging feeders to provide ad libitum access to feed (starter, grower, finisher) and water. The broiler chicks were placed in pens on March 12, April 27, and July 7, 2015, for flock 1, flock 2, and flock 3, respectively, to evaluate the influence of different beddings on 3 successive flocks. Temperature in the facility started at 33
• C and was gradually reduced by one to 3
• C per d over the course of the grow-out in accordance with normal management practices. A 23:1hr light:dark lighting regimen was used for all flocks.
Treatments
Experimental treatments consisted of pine shavings (PS), FGD gypsum, PS + FGD gypsum (50:50 v/v), FGD gypsum + PS (50:50 v/v), pine bark (PB), PB + FGD gypsum (50:50 v/v), FGD gypsum + PB (50:50 v/v), and PB + PS (50:50 v/v). For treatments containing a 50:50 mixture, the second material was top dressed on the first material (no mixing). Pine shavings were acquired from a local commercial sawmill, PB from a local debarking plant, and FGD gypsum from a local fossil-fuel power plant. The treatments were implemented by placing approximately 8 cm of bedding into respective pens. No litter amendments were applied during this study. Three successive flocks were grown on the same bedding. Caked litter was not removed from pens over the entire study.
Data Collection
Broiler performance (body weight, BW; feed consumption, FC; mortality, M; feed efficiency, FE; and adjusted feed efficiency, AFE) and the incidence (i.e., proportion of affected birds) and severity (i.e., extent of lesions) of footpad dermatitus (FPD) were determined at the end of each trial (d 35). Mortality was recorded twice a d and weight determined to adjust FE. The other broiler performance parameters were determined at harvest (d 35). Presence of gross FPD lesions were scored according to a 3-point scoring system, in which 0 = no lesions, 1 = mild lesions, and 2 = severe lesions, as described by Bilgili et al. [24] . Temperature of the bedding was determined on zero, 7, 21, and 35 d after bird placement by arbitrarily taking 3 measurements within the center of each pen between drinking lines and feeders using an infrared thermometer. The emission of ammonia from the litter for each pen was measured using a Dräger NH 3 meter [25, 26] on 21 and 35 d for all 3 trials. Bedding was collected at the beginning and end of each trial on a per pen basis to determine gravimetric moisture content. Bedding moisture was determined by taking 5 grab samples from the 4 corners and center of each pen to make a composite sample. The samples were then dried in a forced-air drying oven at 55
• C until weight became constant. Caking scores were assessed at the end of each flock [27] .
Statistical Analysis
Each trial was conducted as a randomized complete block design with 8 replicates for each treatment and analyzed separately. Statistical analysis was performed with an analysis of variance (ANOVA), using the general linear model (GLM) from SAS [28] . Live performance, bedding performance, and bedding's influence on ammonia volatilization were significant (P ≤ 0.05) among flocks and sampling d within flocks for bedding temperature, moisture, and ammonia volatilization. Thus, each flock and the parameters measured for sampling d within a flock were analyzed separately. Mean separation was done with Fisher's Protected LSDs using a significance level of α < 0.05, which was established a priori; values differing at 0.10 were considered trends.
RESULTS AND DISCUSSION
Live Performance
Bird performance for all three trials was within expected production parameters for broilers in the region. Flock 2 had slightly higher BW, FC, FE, AFE, and M compared to that of trial 1 (Tables 1 and 2 ). Flock 3 (Table 3) tended to have the lowest BW, lowest FC and highest FE, highest AFE, and highest M of all 3 flocks. The lower live performance variables and higher mortality observed in trial 3 were driven primarily by higher temperature and humidity at the end of the third grow-out period due to seasonal temperature increases from March to August. Bedding treatment significantly influenced BW of flock 1 (Table 1) . Broilers raised on 100% pine shavings had significantly higher BW compared to those on 100% FGD gypsum. No differences in BW were observed for the remaining treatments, although the bedding treatments Table 4 . Temperature of bedding material used for rearing broiler chickens during flocks 1, 2, and 3. containing gypsum tended to have slightly lower BWs. For all bedding treatments in flock 1, no differences were observed in FC, FE, or M.
For flocks 2 and 3, no differences in live performance for BW, FC, FE, AFE, or M were noted among the bedding materials. Although not significant, it is important to highlight that bedding treatments containing gypsum tended to have lower M rates during the third grow-out.
Other researchers have reported that live performance was unaffected by gypsum material or byproducts [29, 30] . Grimes et al. [29] evaluated the influence of a mixture containing cotton waste, mined gypsum, and old news print on broiler chickens and turkeys and found no differences in live performance. Wyatt and Goodman [30] reported that, with the use of recycled wallboard gypsum (refined gypsum), body weight gain was significantly lower for broilers reared on recycled gypsum compared to wood shavings at d 21; however, no differences in body weight gain were observed at d 41. Like these past studies, our results showed that mixing FGD gypsum with PS or PB produced similar BW and growth performance as PS or PB alone in all 3 flocks and 100% FGD gypsum produced similar yields in flocks 2 and 3 when the same litter was re-used.
Bedding Performance
Bedding surface temperature generally decreased over the course of flock 1 as heat was reduced from d zero to d 35 (Table 4) . In flock 2, bedding surface temperature was fairly constant over the grow-out, while bedding surface temperature increased from from d 0 to d 35 for flock 3. These temperature differences observed during the 3 flocks can be attributed to changes in weather as a result of when each research trial was conducted; seasonal temperature increased from March to August.
Differences in surface temperature among the bedding materials were minimal (Table 4) , with FGD gypsum being significantly lower than PS only on d zero of flock 1, while PB was significantly lower than FGD gypsum on d 21 of flock 1. No significant differences were observed on the other sampling d between the gypsum, PB, or PS treatments; thus, these results suggest that FGD gypsum does not appear to hold more or less heat than the benchmark bedding materials.
Gravimetric moisture content (Table 5 ) of the bedding treatments with FGD gypsum was generally lower than treatments without FGD gypsum. Similar results were observed with refined wallboard gypsum [30] . Wyatt and Goodman [30] reported that moisture percentage of the refined gypsum was much drier; however, on a weight basis it contained equal or more water compared to wood shavings. In this study, the bedding material was not adjusted for density or on a weight basis. Nonetheless, our results suggest that the FGD gypsum may exhibit a higher affinity for absorbing moisture than PS and PB when utilized on a volume basis as observed under the current experimental conditions. Further, our results suggest that FGD gypsum has the ability to absorb and release moisture (Table 5) , which is a key attribute of a good bedding material. Wyatt and Goodman [30] observed a slight crust forming on the surface when refined gypsum was used as bedding resulting from broiler excreta and gypsum being packed down. In the present study, we also observed a similar phenomenon. The FGD gypsum tended to form a crust in the brooding area under the nipple drinkers. This likely contributed to the significant increase of litter caking for the FGD gypsum bedding, observed during flock 1 ( Table 6 ). Severity of litter caking was in the order of 100% FGD gypsum having the greatest caking with 100% PB and PS having the lowest, and bedding containing PS and PB added with gypsum being intermediate. Observing the gypsum vs. non-gypsum treatments, broilers bedded on gypsum treatments had almost twice the amount of caking as that of non-gypsum treatments. Litter caking, for all bedding, was highest with flock 1 and lowest with flock 3. Although significant differences were not observed for litter caking with flocks 2 and 3, the gypsum bedding treatments tended to cake more than nongypsum treatments.
Research has shown that bedding materials may contribute to pododermatitus [31] . Furthermore, the extent and prevalence of footpad lesions are often used to assess animal welfare conditions and, thus, can indicate the overall bedding quality [32, 33, 34, 35] . The marketing of poultry feet also can be greatly impacted by the occurrence of FPD. A significant trend (P < 0.086) was observed for footpad lesion scores from flock 1, with lower footpad problems being observed for broilers grown on gypsum (Table 7) . In general, when averaging over the gypsum vs. non-gypsum treatments, broilers bedded on litter with gypsum had a 7.7% reduction in FPD. It has been reported that moisture level and particle size can influence the development of FPD [36, 31, 37] . Harms et al.
[38], Martland [39] , and Martland et al.
[40] reported a higher incidence of FPD from broilers produced on bedding with increasing moisture levels. Abbott et al. [41] and Bilgili et al. [31] also observed Table 7 . Severity of footpad lesion scores in broiler chickens for each bedding treatment. that crust development, in addition to dampness, contributed to the development of FPD. Cengiz et al. [37] research showed that the incidence and severity of FPD were highest when broilers were reared on PS with larger particle sizes compared to finer sizes and attributed differences to the larger particles being more abrasive. In this study, the FGD gypsum bedding was finer than the other materials evaluated and had the lowest gravimetric moisture content, while, on the other hand, it generated the greatest caking scores. However, the lower moisture content coupled with the bedding being a smoother material likely helped minimize the footpad softening and susceptibility to irritation and inflammation as compared to PS and PB.
Bedding Influence on Ammonia Volatilization
Bird well-being and farm worker health are major areas of focus at most broiler facilities. The type of bedding used can affect NH 3 adsorption and release. This is often attributed to the inherit ability of bedding material to absorb and release water as well as its biochemical process resulting in exogenous enzymes produced by microbes contributing to ammonia volatilization [42, 43] . Each bedding treatment was analyzed for ammonia volatilization in this study ( Table 8 ). The lowest ammonia concentrations were observed with flock 1 and the highest was during flock 2. Given that fresh bedding was used during flock 1, it was expected that ammonia concentration would be lowest. Lower ammonia concentrations were observed during flock 3 compared to flock 2, which was likely a result of increased ventilation in the broiler house due to warmer seasonal temperatures. Bedding significantly (P < 0.001) influenced ammonia concentrations measured from the litter; however, these differences were observed only during flock 1 on d 35. Generally, the PS and PB had a similar influence on ammonia. The 100% FGD gypsum bedding exhibited a significant reduction in ammonia concentration compared to that of the PS. Ammonia concentrations from bedding mixtures with gypsum also were generally decreased. Averaging over the gypsum vs. non-gypsum bedding, gypsum reduced NH 3 concentrations by 9.7 ppm compared to the non-gypsum treatments. It has been widely reported that increased bedding moisture hastens ammonia volatilization. Further, it has been postulated that bedding material with lower moisture retention would dry and form a crust faster, thus, creating a physical barrier to ammonia volatilization [30] . Based on the ammonia levels, moisture percentage, and caking scores observed in the present study, this would be consistent with the effects from the gypsum bedding treatments. It also has been suggested that ammonia reduction can occur when gypsum (CaCO 3 ) is added to manure by converting ammonium carbonate to a less volatile ammonium sulfate form along with the formation of calcium carbonate [44] . Reductions in ammonia volatilization were noted only during flock 1 at the 35 d sampling time. This was likely a result of the FGD gypsum being in more intimate contact with fresh broiler excreta during the first flock compared to that in succeeding flocks. Reductions in NH 3 volatilization has been reported by others who evaluated the influence of gypsum additions to post-bedding broiler litter [19, 20, 45] . Koenig et al. [19] observed up to a 12% reduction in ammonia evolution when gypsum was added during in-house composting. Sheng et al.
[20] reported, from a laboratory incubation, that the addition of 20% FGD gypsum to broiler litter (v/v) decreased ammonia emissions by 24%. It was reported by Chowdhury et al. [45] that FGD is believed to alter the osmotic and matric potential of broiler litter, decreasing the microbial activity responsible for urea degradation, resulting in reduced ammonia volatilization. The present study is the first to our knowledge to evaluate the influence of 100% FGD gypsum as bedding for broiler chickens. Our results show that FGD gypsum could be used as a bedding material to reduce NH 3 volatilization during broiler production.
